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Human terminal deoxynucleotidyl transferase (TdT) 
was overexpressed in a baculovirus system.  The pure 
recombinant enzyme was identical in size, activity, 
kinetic constants, and metal  effects to native enzyme. 
Three amino acids, within either  the putative nucleotide 
binding domain and part of a DNA polymerase  consen- 
sus sequence, YGDTDSLF, or a TdT consensus  sequence, 
GGFRRGK, were altered by site-directed mutagenesis. 
The four mutant forms of terminal transferase were also 
overexpressed in  the baculovirus expression  system and 
purified from WchopZusia ni larvae by a  monoclonal 
antibody affinity column and compared with wild-type 
enzyme with respect to thermostabilities, secondary 
structure, metal  effects, and kinetic parameters. Three 
of the four mutants retained 3-16% of wild-type activity 
under varying metal  conditions, and one of the mutants, 
D343E, consistently exhibited less than 0.2% of wild-type 
TdT activity with dATP and no activity with dGTP. All 
mutants had alterations in the K, for dATP. Variations in 
K, for dGTP were not as consistent.  The K, for the  other 
substrate, DNA initiator ((dA),) in  the presence of  dATP 
remained essentially the same as  that of wild-type TdT 
for all mutants except D343E. The  enzyme activity of all 
mutants was stimulated by Zn2+ at low concentrations, 
and  this effect was diminished and reversed at higher 
concentrations of ZnSO,. All mutants still retained sig- 
nificant amounts of the secondary structure as meas- 
ured by circular dichroism.  These results indicated that 
the  aspartic acid residue at position 343 is located at or 
near the active site and is critical for the nucleotide 
binding and catalytic activity. 
Terminal deoxynucleotidyl transferase  (EC 2.7.7.31;  TdT)’ is 
a template-independent DNA polymerase, which catalyzes the 
random  polymerization of deoxynucleoside 5’-triphosphates to 
the 3”OH of a DNA initiator (Bollum, 1963; &to et al., 1967). 
TdT is normally  expressed only in  immature lymphocytes of 
mammalian  and chicken thymus  and  mammalian bone marrow 
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(Goldschneider et al., 1977; Coleman et al., 1974). Recently, a 
TdT homolog has also  been discovered in Xenopus laevis.2 An 
established in vivo function of this enzyme in  mammals is its 
catalytic role in  the addition of nucleotides (N regions) at the 
junctions of rearranged immunoglobulin heavy chain  and T cell 
receptor gene segments  during  the  maturation of B and T cells 
(Desiderio et al., 1984; Yancopoulos et al., 1986; Lieber et al., 
1987; Schatz  and Baltimore, 1988). A consequence of the nucle- 
otide addition is an increase in the immunological diversity 
(Komori et al., 1993; Gilfillan et al., 1993). Thus, TdT is one of 
the enzyme  activities that comprise the recombinase complex of 
prelymphocytes. The firm establishment of this in vivo role has 
increased interest  in  the catalytic parameters of human TdT. 
The amino acid sequence of TdT is highly conserved across 
species (Koiwai et  al., 1986).2” In  all species from which TdT 
has been  isolated, the full-length  protein is a single polypeptide 
chain of 58 kDa (Bollum and Brown, 1979; Deibel and Coleman, 
1979) which can  then be sequentially  degraded into a dimer 
consisting of 12- and 30-kDa peptides (Deibel et al., 1981). 
Peptides of sizes ranging from 55 to 44-42 kDa are also  active 
forms of this enzyme (Chang  and Bollum, 1982). Until recently, 
bovine TdT, purified from calf thymus  gland,  has been the most 
abundantly available and widely used source for structural 
studies of the protein. The enzyme  active site  has been probed 
with UV-mediated cross-linking of dTTP (Pandey  and Modak, 
1988), photoaffinity labeling using 8-azido-dATP (Evans  and 
Coleman, 1989; Evans  et al,. 1989), and azidonucleotide-con- 
taining DNAs (Farrar et al., 1991). Four peptides in two regions 
of the protein  were  identified in  these  studies.  The  first region 
(proposed as important for DNA binding)  encompasses  amino 
acids from position 221  to 249. The second (implicated in nucle- 
otide  binding)  encompasses amino acids from position 359 to 
381. This  latter region is the most highly conserved between 
TdT and DNA polymerase p (Anderson et al., 1987; Matsukage 
et al., 1987; Kumar et al., 1990). Several  sequence motifs and 
amino  acids present  in  this region are also conserved in nucle- 
otide  binding proteins  and  in  all DNA polymerases. 
In  this  study we have  altered 3 key amino  acids  selected on 
the  basis of labeling studies  and motif conservation in  the pu- 
tative nucleotide binding  domain of human TdT. The recombi- 
nant enzymes  were  expressed in a baculovirus system  and pu- 
rified to homogeneity in a single step on a monoclonal antibody 
affinity column. Kinetic  characteristics, structural properties, 
stabilities,  and  metal effects of the  altered enzymes  were as- 
sessed and  related  to a catalytic model. 
EXPERIMENTAL PROCEDURES 
Matetials 
Restriction endonucleases, T4 DNA ligase, Klenow fragment of 
Escherichia  coli DNA polymerase I, T4 nucleotide kinase,  and T4 DNA 
E.  Hsu,  personal  communication. 
B. Yang  and  M. S. Coleman,  manuscript in preparation. 
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Co-Transfection 
Avr I1 
pBRTdT  pAcC4 1 
I 
1. Digest with Avr II. 
3. Digest  with Nco 1. 
4. lsdate 1 .S Kb TdT cDNA. 
1. Digest  with Barn HI. 
2. Blunt ends with  Klenow. 




pAcC4TdT  pAcC4TdTf 
11.8Kb 
J ”“I 2. Isdate 1.5 Kb TdT cDNA; lsdate 9.3 Kb 1. Digest  with Barn HI. pAcC4Tdf’. 
with Barn HI. 
M13TdT 3. Subdone TdT cDNA into M13rnpl9 linearized I Sitedrected Mutagenesis pAcC4TdT-R336Q. 
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1. Digest  with  Barn HI. ~ A c C ~ T ~ T - D ~ ~ S E .  Pdyhedrin 
2. lsdate 1 .S Kb TdT cDNA. 
3. Ligate  with pAcC4TdT’. 
FIG. 1. Cloning, mutagenesis, and expression strategy. Plasmid pBRTdT has been  described  (Riley et al., 1988) and contains the full-length 
human TdT  cDNA subcloned into pBR322 between two AvrII sites. From this plasmid the 1.5-kb cDNA was released by AurII digestion.  Klenow 
fragment was used to fill in, and the plasmid was redigested with NcoI. Transfer vector, pAcC4, was prepared by BamHI digestion, Klenow 
fragment filling in, and NcoI digestion. The ligation between this linearized vector and cDNA fragment generated the plasmid pAcC4TdT,  which 
was used for the production of wild-type TdT. A 1.5-kb BamHI fragment from pAcC4TdT was inserted into M13mp19  to  form M13TdT. Uracil- 
containing single-stranded Ml3TdT was generated for site-directed mutagenesis. Mutants were  screened by  DNA sequencing, and mutated cDNA 
was  cleaved  from  RF  M13TdT and was inserted back  to pAcC4TdT linearized with BamHI. cDNA containing transfer vectors  were cotransfected 
into Sf9 cells with linearized wild-type AcMNPV. Recombinant virus was generated through homologous  recombination  between the  transfer vector 
and wild-type virus and was confirmed by polymerase chain reaction and Western  blot.  High titer viral stock  was used for the injection of Z ni 
larvae. 
polymerase  were obtained from the Tissue Culture Facility, Lineberger 
Comprehensive Cancer Center, the University of North Carolina at 
Chapel Hill,  which has  its enzymes supplied from  Boehringer  Mann- 
heim, Life  Technologies,  Inc.,  New England Biolabs, and Promega  Corp. 
Sequenase DNA sequencing kits were from U. S. Biochemical Corp. 
Agarose  was  from Fisher Scientific. [CY-~~PI~ATP, [8-3HldATP, and 
[8-3H]dGTP were from DuPont NEN. Oligonucleotides were synthe- 
sized at  the University of North Carolina at Chapel Hill Lineberger 
Comprehensive Cancer Center on an Applied Biosystem 394 synthe- 
sizer.  Polyacrylamide  mixes  for DNA sequencing were purchased from 
National Diagnostics (Atlanta, GA). Polyacrylamide mixes for SDS- 
PAGE were from  Bio-Rad. Sequencing gels  were run on an IBI  (New 
Haven, CT)  model STS 45  DNA sequencing unit. The protease inhibitor 
Pefabloc was from  Boehringer Mannheim. Protein A-agarose  was  from 
Life  Technologies,  Inc.  All other reagents were reagent grade. 
The anti-human TdT  monoclonal antibody (SFC1) used in the study 
was generated in our laboratory and propagated in ascites fluid (Fuller 
et al., 1985). The polyclonal anti-TdT antibody (R6496)  used in these 
ous calf TdT (Deibel  et al., 1981). 
experiments was raised in rabbits in our laboratory against homogene- 
The transfer vector, pAcC4, was kindly provided by E. Kawasaki 
(Cetus Corp.). Linearized Autographa culifornica nuclear polyhedrosis 
virus (AcMNPV) and Spodoptera frugiperda (Sf9) insect cells  were ob- 
tained from Invitrogen Corp. (San Diego,  CAI. Culture medium,  Grace’s 
medium, and fetal bovine serum (HyClone laboratories, Inc., Logan, 
UT)  were  from the Tissue Culture Facility,  Lineberger  Comprehensive 
Cancer Center, the University of North Carolina at  Chapel Hill. 
described previously (Medin et al., 1990). The mutagenesis vector 
Dichoplusia ni was reared in our  laboratory on a diet that has been 
M13mp19  was purchased from  Life  Technologies,  Inc. Competent E. coli 
cell line DH5n  for routine subcloning and  strain CJ236  for mutagenesis 
were  also  from  Life  Technologies,  Inc. 
Methods 
Site-directed Mutagenesis of Human TdT cDNA-pAeC4TdT, con- 
structed according to Medin and Coleman  (1992).  was  designed to pro- 
duce a non-fusion protein after homologous recombination with the 
wild-type AcMNPV (Fig. 1). Full-length human TdT  cDNA (1.5 kb) was 
released from pAcC4TdT  by BamHI digestion and ligated to M13mp19 
that was  previously linearized with BamHI digestion  (Fig. 1). Clones 
with the correct orientation of human TdT  cDNA with respect to M13 
were identified by restriction analysis. Site-specific mutagenesis was 
carried out according  to the method  described by Kunkel (1985). This 
protocol of mutagenesis takes advantage of the fact that the uracil- 
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TABLE I 
Nucleotide  sequences of synthetic oligonucleotides  used  for  mutagenesis 
Base changes from wild-type TdT cDNAare underlined. Synthetic oligonucleotides are complementary to the coding strand of human TdT  cDNA. 
Name  Mutagenic  primer Codon change Amino acid  change 
TdT wild-type 5' CCCATCTTCTTACCCCTCCGGAACCCTCC 3' None  None 
TdT  R336Q 5' CCCATCTTCTTACCCECCGGAACCCTCC 3 '  AGG + CAG R + Q  
TdT  R336A 5' CCCATCTTCTTACCCSCCGGAACCCTCC 3' AGG + GCG R + A  
TdT  D343E 5' GGTAATTAAAAAATCTACCTCATGCCCCATC 3' GAT + GAG D + E  
TdT  D345E 5' GGGCTGGTAATTAAAAACTCTACATCATGC 3 '  GAT - GAG D + E  
containing DNA template is not  biologically active upon transformation 
into wild-type  E.  coli host cells.  Briefly, single-stranded, uracil-contain- 
ing M13TdT template was prepared from  E. coli strain CJ236, which is 
dut- ung-.  Control or mutagenic oligonucleotide  (Table I) was  phospho- 
rylated and hybridized with single-stranded M13TdT. A second  comple- 
mentary strand was synthesized in  the presence of all four deoxynucleo- 
side triphosphates using Klenow fragment of E. coli  DNA polymerase I. 
Ligase was then used to form a covalently closed circular double- 
stranded DNA. The reaction mixture, which contained double-stranded 
DNA, was used to transform the wild-type E. coli, DH5u. Single- 
stranded DNA was isolated from single clear plaques. Single-stranded 
DNA sequencing was performed using a primer 5' GCT C'IT CAT  CCT 
CTG 3', which is located about 100 base pairs downstream from the 
mutagenesis sites, to confirm the nucleotide changes made. After mu- 
tagenesis, human TdT  cDNA with each individual mutation was sub- 
cloned back into the pAcC4 transfer vector. Orientation of the TdT 
cDNA with respect to the polyhedrin promoter was confirmed by re- 
striction analysis. Before transfection, TdT  cDNAin transfer vector was 
again sequenced  over the mutation region to confirm the existence of 
the nucleotide changes made. The TdT cDNA was sequenced in its 
entirety for  one of the  mutants, pAcC4TdT-D343E, to  check that there 
were no additional mutations. 
Expression ofTdT in the Baculouirus System-CsC1 density gradient 
purified transfer vector containing either wild-type or mutant TdT 
cDNA was cotransfected with wild-type AcMNPV into Sf9 cells as de- 
scribed (Medin and Coleman, 1992), except that linearized AcMNPV 
was used in  the present study. The usage of linearized virus greatly 
reduced the background of wild-type viral plaques, and hence  one round 
of plaque assay was sufficient for obtaining pure virus stock instead of 
three times as reported earlier (Medin and Coleman,  1992).  Both  wild- 
type and mutant TdTs  were  overexpressed in  the Z ni larvae (Medin et 
al., 1990). Briefly, 10 pl of Grace's medium containing recombinant 
virus (the viral titer was about lo9 plaque-forming units/ml for each 
recombinant virus) was injected into fourth instar larvae. Four days 
aRer injection, infected larvae were  collected and frozen at -70  "C. 
Monoclonal Antibody Affinity Column-The monoclonal antibody 
column was constructed by cross-linking the antibody (SFC1) to protein 
A-agarose using dimethyl suberimidate. Protein A-agarose (50 ml) was 
washed extensively with 0.2 M triethanolamine HCI,  pH 8.7, and resus- 
pended in 50 ml of the same buffer. Undiluted ascites fluid (50 ml) was 
added to the protein A-agarose suspension, and the pH was adjusted to 
8.7 with 1 M triethanolamine. The suspension was  mixed  on a rotator for 
2  h at room temperature. The protein A-agarose-monoclonal antibody 
suspension was centrifuged to remove unbound antibody and resus- 
pended in 100 ml of phosphate-buffered saline. The antibody was  cross- 
linked by adding 600 mg of dimethyl suberimidate and mixing  for 3  h on 
a rotator at room temperature. The antibody binding and cross-linking 
efficiency  were determined by  SDS-PAGE. The protein A-agarose mono- 
clonal antibody suspension was poured into a 5 x 25-cm column and 
washed extensively with the following  buffers  to  remove uncross-linked 
antibody: TBS,  pH  7.4; 2 M MgC1, in TBS,  pH  7.4; 2 M NaCl in TBS,  pH 
7.4; 50 n" glycine HCI,  pH 3.0, 0.5 M NaCl;  TBS,  pH  7.4. The column 
material was stored at 4 "C in TBS,  pH  7.4, with 0.02%  sodium  azide in 
10-ml aliquots. As a precaution against cross-contamination of recom- 
binant proteins, an individual column was constructed and used for 
each mutant. 
Purification of Recombinant TdT Protein-Recombinant TdT was 
purified from larvae using a monoclonal antibody affinity column.  Fro- 
zen larvae (25-100 g) were added to 2-4 volumes of cold extraction 
buffer (50 n" Tris-HC1,  pH 7.4, 0.5 M KCI, 3 m~ phenylmethylsulfonyl 
fluoride, 1 n" benzamidine, 1 n" Pefabloc, 20 p~ leupeptin, 8 p~ 
pepstatin, 10 n" P-mercaptoethanol, and 1 m~ ATP) and homogenized 
with one  30-s burst of a Tissuemizer (Tekmar) at medium speed. The 
-de extract was centrifuged at 27,000 x g for  30 min. The clarified 
extract was filtered through four layers of cheesecloth and brought to 
30% saturation with ammonium sulfate. The supernatant was obtained 
by centrifugation and was brought to 70% saturation with ammonium 
sulfate. The ammonium sulfate precipitate was resuspended in 100  ml 
of cold buffer (50 n" Tris-HC1,  pH 7.4,0.5 KCl, 3 n" phenylmethylsul- 
fonyl fluoride, 1 n" benzamidine, 1 m~ Pefabloc,  20 p~ leupeptin, 8 p~ 
pepstatin, and 1 n" ATP) and incubated with the preequilibrated pro- 
tein A-agarose-monoclonal antibody matrix overnight on a rotator at 
4 "C. The matrix was  collected by pouring the suspension into a 2.5 x 
10-cm  column. The run-through was collected. The column was washed 
with 30 volumes of 50 mM Tris-HC1, pH 7.4, 0.5 KC1 followed by 200 
volumes of TBS,  pH  7.4.  TdT was eluted from the affinity column with 
2 M MgC1, in TBS,  pH  7.0, and 1 m~ Pefabloc. Fractions were  collected, 
monitored at OD,,,, and an aliquot was electrophoresed on an SDS- 
polyacrylamide  gel. The fractions containing 58-kDa  TdT  were  pooled 
and dialyzed. Purified proteins were stored in 50%  glycerol at -20 "C. 
Protein concentrations were determined by the method of Bradford 
(1976) with bovine serum albumin as a  standard and reagents from 
Bio-Rad. 
SDS-PAGE and Western Blotting of Recombinant Proteins-SDS- 
PAGE was  performed  according to the method of Sambrook  et al. (1989) 
using a minigel apparatus (Bio-Rad).  12% SDS-PAGE gels  were used 
throughout this study. Protein bands in  the gel  were  visualized by silver 
staining (Ausubel et al., 1989). Recombinant proteins in sf9 cells  were 
detected by Western blotting (Ausubel et al., 1989 and the Bio-Rad 
manual). Briefly,  cells in  a 12-well plate were  lysed using 100 pl of 1 x 
loading  buffer with dye. 50 pl was  used  for  Western blotting. SDS-PAGE 
separated proteins were electrotransferred onto  nitrocellulose filter pa- 
per.  Nonspecific antibody binding sites on the filter were first blocked 
with blocking  buffer (5% nonfat dry milk (Carnation) in TBS). Primary 
antibody, polyclonal rabbit anti-bovine TdT antibody R6496, was di- 
luted with blocking  buffer  (1:200 dilution). The  second antibody used 
was goat anti-rabbit IgG (heavy and light) alkaline phosphatase conju- 
gate (Bio-Rad,  1:3,000 dilution). Bound alkaline phosphatase was then 
detected use an alkaline phosphatase detection kit from  Bio-Rad. 
TdT Enzymatic Assay-Terminal transferase activity was measured 
by incorporation of  L3H]dATP or l3H1dGTP into a single-stranded poly- 
mer using ((LA),, as initiator as described  previously  (Coleman, 1977). 
Enzyme assays were camed out at 35 "C  by incubating 40-100  pg/ml  of 
enzyme protein in 200 m~ potassium cacodylate, pH 7.2,8 n" MgCI,, 1 
m~ P-mercaptoethanol, 10 p~ ((LA),,, and 1 m~ l3H1dATP or L3H1dGTP. 
For mutant TdTs, higher concentrations of (dA),, 13HldATP or 
c3H1dGTP were  used  to reach saturation for that particular substrate  in 
kinetic assays. The total volume of each assay at each time point  was 32 
p1, which contained 5 pl of enzyme protein. 25 pl was spotted onto a 
Whatman GFIC glass fiber  disc, and that disc  was then immersed in 5% 
trichloroacetic acid, 1% PP, solution immediately. Fiber discs were 
washed once with 5% trichloroacetic acid, 1% PP,; three times with 5% 
trichloroacetic acid; and twice with 95% ethanol. Dried discs were 
counted by scintillation counter. For Zn" stimulation assays, ZnSO, 
was added to the reaction mix at the concentrations indicated. For 
divalent cation effect assays, MgCl,,  MnSO,, or CoCl, was  added indi- 
vidually  to the reaction mix at  the concentration indicated. An analysis 
of each experiment at several time points demonstrated that all reac- 
tions were linear over the time course of the respective assays. One unit 
of enzyme activity is defined as 1 nmol of radioactive nucleotide poly- 
merized per h, and specific activity is expressed as unitdmg of protein. 
Each assay was the average of three or more independent experiments. 
Thermostability ofRecombinant  TdB-The stability of wild-type and 
mutant TdTs with increasing temperature was determined by thermo- 
stability assays (Medin and Coleman,  1992).  Briefly,  enzyme solutions, 
either wild-type or mutants, were incubated at the  temperatures indi- 
cated for 10 min. A standard enzymatic assay, performed at 35 "C, 
measured the activity remaining. The concentrations of both substrates 
used in the enzymatic assay, ((LA),, and (LATP, were at or near  their 
saturation levels. 
Circular Dichroism (CD) SpectrumSecondary structures of recom- 
binant proteins were measured using CD  on a spectrometer. CD analy- 
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FIG. 2. Comparison of amino acid 
sequences of nucleotide  binding  do- 
mains of terminal transferase from 
different sources and conserved re- 
gions  in DNA polymerase p. The two 
tryptic  peptides  labeled  with  8-azido- 
dATP  from  bovine  TdT are marked as B26 
and B27. The arrowheads indicate the 
targets of mutagenesis of human TdT. 
TdT, and between TdT and polymerase 
Conserved amino acid sequences among 
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ses were made on all five recombinant  proteins.  Measurements  were 
performed at wavelengths  from 190 to 300 nm at 25 “C. Thermal  dena- 
turation of proteins was camed out at a wavelength of 220 nm with 
temperatures  ranging from 20 to 95 “C.  Concentrations of protein so- 
lution  used  were from 50 to  200  pg/ml. 
RESULTS 
In  this study, we sought  to produce recombinant human TdT 
proteins  in which amino acids thought  to be within  the nucle- 
otide binding domain were mutationally altered by replace- 
ment with  conservative amino acid substitutions  and  to  deter- 
mine  the functional consequences of the  alterations. Although  a 
crystal  structure is not yet available for TdT from any species, 
chemical labeling of the nucleotide domain coupled with con- 
servation  in amino  acids in polymerases  across species guided 
our selection of mutagenesis  targets (Fig. 2). Three amino acid 
residues were targeted for substitution: Arg-336, Asp-343, and 
Asp-345. The 2 aspartic acid residues were converted to glu- 
tamic acid to maintain a negative  charge.  The arginine  residue 
at position 336 was converted to  glutamine  and  alanine. 
To facilitate the functional analyses wild-type and  mutation- 
ally altered TdT proteins were produced in high amounts  in Z! 
ni larvae infected with recombinant baculovirus containing 
open reading frames for these sequences, and a single-step 
purification  scheme for both the wild-type and  mutant proteins 
was devised. 
Site-directed  Mutagenesis and Expression of TdT-Using the 
strategy depicted in Fig. 1 we first subcloned the NcoI-blunt 
fragment of human TdT cDNA into pAcC4 transfer vector. Mu- 
tagenesis  was performed on a 1.5-kb BarnHI fragment  that  had 
been subcloned into M13mp19. Oligonucleotide-mediated site- 
specific mutagenesis  was done using  the protocol developed by 
Kunkel(l985). DNA sequence analysis  was used to confirm the 
mutation before each mutated segment was subcloned back 
into  the  transfer vector. Before cotransfection into insect cells, 
the transfer vector was again sequenced over the mutation 
region to confirm the existence of the site-directed mutation. 
A  potential problem in  mutagenesis procedures is  the acci- 
dental introduction of additional mutations  in  sites  other  than 
the directed site. We have included  a wild-type oligonucleotide 
as a control for mutagenesis (Table I). We recovered the wild- 
type TdT enzyme activity from the construct after the mu- 
tagenesis, subcloning, and expression process (data not shown). 
In addition, we sequenced the  entire cDNA  of one of the  mu- 




sect cells. This linear form of wild-type AcMNPV has a greatly 
reduced infectivity but yields a higher proportion of recombi- 
nant virus (Kitts et al.,  1990) from cotransfection. After trans- 
fection, progeny virus  in cell medium was subjected to plaque 
assay. Clear plaques were picked and virus amplified. Viral 
DNA was isolated from cell medium of infected cells, and po- 
lymerase chain reaction was performed. The primers for the 
polymerase chain reaction were complementary to the po- 
lyhedrin loci  ofAcMNPV. When amplified, wild-type virus gave 
a fragment of 0.8 kb, whereas recombinant  TdT virus gave a 
fragment of 1.5 kb  (data not shown). 
Recombinant proteins  in clarified cell lysates were detected 
using Western blot analysis  in which the  relative levels of wild- 
type  and  mutant TdTs produced in  the infected cells were as- 
sessed. Fig. 3 shows a Western blot of all four mutants  and 
wild-type human TdTs protein  detected in whole sf9 cell lysates 
by rabbit anti-bovine TdT polyclonal antibody, R6496, gener- 
ated  in  our laboratory (Deibel et al., 1981). All four mutants  and 
wild-type TdT showed the full-length 58-kDa polypeptide and 
the 55-kDa peptide. No immunoreactive  protein  was  detected 
in cell lysates infected with  the wild-type baculovirus (Fig. 3, 
lane 8). Purified wild-type TdT is in lane 6 as a positive control. 
The pure enzyme preparation contains the 58- and 55-kDa 
doublet, 44- and 30-kDa forms of TdT, which are routinely 
detected.  The amount of recombinant antigens varied widely 
among mutants  and wild-type TdT. Although all  mutant pro- 
teins were produced in lower steady-state  amounts  than wild- 
type TdT, D343E (lane 3) was particularly low, suggesting  that 
this  mutant protein  was  accumulated to a low level in baculo- 
virus-infected  insect cells. 
Purification of Wild-type and Mutant TdD-Prior to this 
report,  human TdT has been purified in  our laboratory from 
larvae  using carboxymethyl-cellulose or phosphocellulose col- 
umns.  Fractions  eluted from these columns  were still  impure 
(Medin and Coleman, 1992). Thus, we used a monoclonal anti- 
body directed against bovine TdT which cross-reacts  with the 
human enzyme (Fuller et al., 1985) to construct a monoclonal 
antibody affinity column. This antibody does not react with 
antigens from uninfected larvae  (data not shown). Monoclonal 
antibody SFCl developed in  our laboratory (Fuller et al., 1985) 
was cross-linked to protein A-agarose using dimethyl  suberimi- 
date.  The  resulting affinity matrix was stable  and  usable for 
10-15 purification  procedures. 
Crude extracts from larvae (prepared as described under 
“Experimental  Procedures”)  were treated  with ammonium  sul- 
Recombinant baculoviruses were generated by cotransfec- fate. The  protein precipitate  between 30  and 70% saturation 
tion of transfer vector with linear wild-type AcMNPV into  in- was resuspended and incubated  with the antibody-linked ma- 
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FIG.  3. Expression of recombinant TdTs. Western blot analysis of 
cell lysates from cells infected with recombinant baculovirus expressing 
various mutant or wild-type TdT. Lunes 1 4  show aliquots of cell lysates 
containing mutant proteins R336Q, R336A, D343E. and D345E, respec- 
tively. Lane 5 contains an aliquot of cell lysate from cells infected with 
wild-type TdT recombinant virus. Purified wild-type TdT is in lane 6 as 
a positive control. Lane 7 is blank, and lune 8 contains an aliquot of cell 
lysate from cells infected with wild-type baculovirus. The immunoblot 
was probed with rabbit antiserum  against bovine TdT. Peptides of 58, 
55, and 44 kDa were identified. 
trix  material. Extensive use of proteinase  inhibitors was criti- 
cal for the purification of full-length  protein (58-55 kDa) since 
larvae contain substantially more  proteinase  activity than  that 
of cells or tissues  in which TdT is  naturally  present.  The  in- 
hibitor, Pefabloc, was found to be the most effective reagent 
used. 
The  pure protein was  eluted with  2 M MgCI,, and  the elution 
profiles for recombinant TdTs from the afiinity  columns  were 
similar for wild-type and each mutant. A typical elution is 
shown in Fig. 4, that of mutant D343E. The lower panel is the 
OD, reading of each fraction, and  the upper panel  is  the cor- 
responding silver  staining of each  fraction  subjected to SDS- 
PAGE. As before, several forms of TdT are  apparent,  the 58- 
55-kDa doublet and  the 44-kDa form. 
Analysis of purified recombinant (wild-type and mutant) 
TdTs by SDS-PAGE (Fig. 5 )  showed that: 1) recombinant TdT 
including wild-type TdT and all  four mutants were  purified to 
homogeneity; 2) high  molecular mass forms, 58 and 55 kDa, 
were the major  species of purified enzyme. Mutants  and wild- 
type TdT had identical patterns of cleavage, although one of the 
mutants, D343E, had a slightly increased proportion of the 
44-kDa polypeptide (Fig. 5,  lane 3). All purified recombinant 
TdT  forms  were  immunoreactive and were  detected using  rab- 
bit anti-bovine  TdT serum. These  enzyme  forms  were  identical 
to those observed previously with human and bovine TdT 
(Fuller et al., 1985). 
The  results of a typical  purification of wild-type TdT (from T 
ni  larvae infected with recombinant  baculovirus) are shown in 
Table 11. The specific activity of recombinant TdT in crude 
extract from larvae  was between 500 and 2,000 units/mg. This 
is 50-100 times  higher  than  that of hymus homogenate (10-20 
unitslmg; Deibel and Coleman (1979)).  Using this procedure, 
10-15 mg of homogeneous wild-type TdT was consistently ob- 
tained from 100  g of larvae  in a single-step  purification proce- 
dure.  This  strategy  is therefore suitable for production of large 
quantities of protein for structural  studies. 
For TdT  mutants R336Q, R336A, and D345E, 1.3, 2.0, and 
0.7 mg of purified  protein  were  obtained from 25 g of larvae, 
respectively. For mutant D343E, 0.65 mg of purified  protein 
was obtained from 75 g of larvae.  The enzymatic  activities of 
the  proteins were in  the order: wild-type >> R336A D345E > 
R336Q >> D343E (Table 111). 
Thermostability of  Wild-type and  Mutant Recombinant 
TdZ3-We assessed  the  thermal  stability of the purified pro- 
teins by comparing  enzyme  activity over a range of tempera- 
tures. Each preparation was  incubated at  the respective tem- 
perature for 10 min and  then assayed for enzymatic  activity a t  
35 "C. The  results of these  measurements  are shown in Fig. 6. 
Wild-type TdT was  the most stable protein in  this group and 
retained more than 40% activity after 10 min a t  60 "C. The 
mutant R336Q was the  least  stable  and lost more than 80% of 
its activity under  the  same conditions. The  other  three  mutants 
were intermediate  in  their  thermal  denaturing profiles. For the 
wild-type and both Arg-336 mutants,  the loss in activity be- 
tween  30 and 40 "C was particularly  dramatic, whereas the two 
aspartic acid mutants  demonstrated a more gradual inactiva- 
tion. 
Secondary Structure of Recombinant TdTs-CD spectrum 
analysis was  used to assess  the  retention of secondary struc- 
ture  in  the recombinant mutant proteins.  These analyses were 
carried  out  in  the laboratory of Dr. Mary  Barkley  (Louisiana 
State University) by Qing Zeng. The CD spectra of wild-type 
and mutant TdTs are shown in Fig. 7. The denaturation of 
proteins is always accompanied by  CD changes,  indicating the 
loss of a- and  p-structures  and  the  enhancement of the random- 
coil spectral components. Wild-type TdT has a  molar ellipticity 
of about -34, which indicated an abundance of a-helix and 
p-sheet structures  in  the  native protein. Mutants R336Q and 
R336A showed similar  spectra with  ellipticities of -25, which 
indicates retention of significant  secondary structure.  Mutants 
D343E and D345E both retained molar ellipticities of -13, 
which still indicates  significant  secondary structure. As with 
thermostability, the degree of retention of secondary structure 
does not  correlate perfectly with residual enzyme  activity  in the 
mutants. The two Arg-336 mutants  have  similar molar ellip- 
ticities but differ in enzyme  activity by more than 2-fold. The 
two mutants D343E and D345E have  retained  the  same 
amount of structure on average, yet the enzyme activity of 
D343E is more than 20-fold less than that of D345E. It  is 
probable that  the activity difference between these two mu- 
tants  is because of the relatively greater importance of Asp-343 
than Asp-345 for the geometry near the active site of the 
enzyme. 
Kinetic Parameters-Enzymatic activities of purified wild- 
type and  mutant TdTs were measured  using  the  standard con- 
ditions described by Coleman (1977) with dATP, dGTP, and 
(dA),, as substrates. Kinetic parameters were  obtained  using  a 
computer  program called Enzfitter (Biosoft, Cambridge, U. K.). 
The Michaelis-Menten kinetics analyses from this program 
were  reported  here.  A  functional comparison of wild-type and 
mutant TdTs is listed in Table 111. The values  reported for the 
purified  recombinant wild-type TdT  were in good agreement 
with those obtained in previous investigations using native 
purified enzyme (Coleman, 1977; Deibel and Coleman, 1980). 
All mutants exhibited substantially lower activity than  that of 
wild-type TdT, ranging from 0.14% for D343E to 6% for W36A. 
The apparent K,,, values for dATP increased from 4-fold for 
D345E to 23-fold for D343E. The  apparent K,,, values for dGTP 
followed a similar  pattern, except that D343E exhibited such 
low activity that  determination of a K,,, value was not possible. 
There were two mutations a t  336 position, R336Q and 
R336A. The relatively conserved change a t  this position be- 
tween arginine  and  glutamine  resulted  in a reduction of activ- 
ity by about 97%. This  alteration  in  the side  chain, although 
causing  little change in  the  apparent K,,,  of the DNA initiator 
(dA),, when dATP was substrate,  resulted  in a =-fold increase 
in  the K,,, for dATP. The  apparent K,,,  of (dA),, in the presence of 
dGTP was increased 20-fold, and  the  apparent K,,,  of dGTP was 
increased 6-fold. This sensitivity of the 336 residue to a  rela- 
tively conservative  replacement  may have indicated an involve- 
ment of this  residue  in  the binding of nucleotide to  the enzyme. 
Unexpectedly, the nonconservative  change of arginine by ala- 
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FIG. 4. Protein elution profile  from 
the immunoaffinity column. The elu- 
tion of recombinant protein TdT D343E 
with 2 M MgCI, is shown from a mono- 
clonal antibody af€inity  column. The lower 
panel is  the OD, reading of each fraction 
with the fraction number labeled at  the 
bottom; the upperpanel is the correspond- 
ing SDS-PAGE of each fraction with silver 
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FIG. 5. Purification of mutant and wild-type Td'LB. Panel A 
shows a silver-stained SDS-PAGE  of purified wild-type and mutant TdT 
proteins. Lanes 1-5 contain 300  ng  each of the purified mutant R336Q, 
R336A,  D343E,  D345E, and wild-type  TdT proteins, respectively. Pro- 
teins were  purified  from  infected larvae by the immunoaffinity column. 
Panel B is  the Western blot analysis of purified wild-type and mutant 
proteins. Lanes are  the same as inpanel A. One pg of protein was loaded 
in each lane. The immunoblot was probed with rabbit antiserum 
against bovine  TdT. Peptides of 58, 55, and 44 kDa were identified. 
nine at this site did not result  in an additional decrease of 
activity or substantive  alterations  in  any of the apparent K, 
values observed  for R336A. 
The mutation at  residue 343, replacement of an  aspartate 
residue by a glutamate residue, yielded a protein with practi- 
cally no activity. Complete sequence analysis of pAcC4TdT- 
D343E did not reveal any additional base pair changes in  the 
sequence, indicating that  the low activity of  D343E was solely 
due to the mutation at the desired position. The apparent K, 
for dATP in this mutant was increased by 20-fold over the 
TABLE I1 
Purification of recombinant terminal transferase fiom larvae by 
monoclonal antibody affinity column 
This is a typical purification of wild-type TdT from larvae by  mono- 
clonal antibody affinity column. Comparable results  are obtained for 
any given purification of wild-type TdT. Total enzyme activity is ob- 
tained from the specific activity and the total  amount of protein. 
Fraction  Volume  Protein az:;y Yield Purification factor 
ml mg unitslmg  units % 
Crude extract 325 1,755 1,196 2.1 x lo6 100 
Purified protein 1.0 15 80,000 1.2 x lo6 57 67 
wild-type. The activity was so low with dGTP that a K, deter- 
mination was not possible. Surprisingly, the  apparent K, for 
(a), with dATP was reduced by  40-fold. The extensive inac- 
tivation of D343E strongly suggested that  the aspartic acid 
residue at this  site  is tringently required for  TdT activity and 
nucleotide  binding. It is conceivable that  this residue is essen- 
tial for catalysis. 
In  the TdT mutant D345E, an aspartic acid was changed into 
glutamic acid. This mutant retained more than 3% of enzyme 
activity compared with wild-type TdT. There was a small in- 
crease (4-fold) in  the apparent K, for dATP, no changes in the 
apparent K, for  dGTP and (a),, and a small change (6-fold) in 
the  apparent K, for (dA), with dGTP as substrate. 
Divalent  Cation Efects-The reaction catalyzed by TdT is 
dependent on the presence of a divalent cation ( M e ,  Mn2+, or 
Co2+)  which  forms a complex with the deoxynucleoside triphos- 
phate (Bollum,  1974). The metal-nucleotide complex is  the en- 
zyme substrate. Since the wild-type  enzyme is very sensitive to 
metal effects and concentrations, we tested each mutant pro- 
tein  under a variety of conditions (shown in Table IV). In  this 
experiment the metal concentrations were adjusted to main- 
tain stoichiometry with the nucleotide concentrations. 
Under these conditions, the wild-type  enzyme displayed ac- 
tivities documented previously (Deibel and Coleman, 1980). 
Interestingly, the D345E mutant was activated by Co2+, and  the 
R336A and R336Q mutants were not inhibited by Co2+. The 
D343E mutant was virtually inactive under  all reaction condi- 
tions, further confirming that  this residue is critical for  enzyme 
activity. 
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TABLE I11 
Summary of the kinetic  properties of wild-type  TdT and mutants 
dGTP as indicated  in the table. One unit of enzyme activity is defined as 1 nmol  of radioactive  nucleotide  polymerized  per h, and specific activity 
Kinetic  constants were obtained  from standard TdT assays as described under  "Experimental  Procedures." Nucleotide used  was either dATP or 
is expressed as unitdmg of protein.  Results are an average of three or more independent  experiments,  and the errors are expressed as the standard 
deviation. 
units I mg % m M  s-1 1 0 ' S - I  m M  W W 
TdT Wild type 23,000 100.00 0.53 f 0.09 32,000 61.19  0. 2 +- 0.01 2.74 -c 0.78 2.07 f 0.37 




0.73 2 0.10 5.61 f 0.98  43.64 f 4.94 
6.42 3.55 f 0.27 2,600 
TdT D343E 33 
0.73 1.18 2 0.12  4.42 -c 0.83 36.18 f 2.10 
0.14 12.20 f 3.26  62  0.0051 NA" 0.07 f 0.008 NA" 
TdT D345E 818 3.46 2.02 f 0.30 1,200 0.61 0.15 2 0.02 3.13 f 1.20 13.22 -c 1.23 
a NA, no activity detected. 
i 
1000 j \ 
> 
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FIG. 6. Thermostability of wild-type and mutant Td'h. Recom- 
binant  proteins were  incubated at the temperatures indicated for 10 
min. A standard enzymatic assay (see "Experimental  Procedures")  was 
then followed to measure the residual enzyme activity at 35 "C.  The 
concentrations of both substrates, dATP and (a),, used in the enzy- 
matic assay  were at or near the saturation levels  for each protein. The 
activities shown are the average of three or more  experiments.  Enzyme 
TdT  wild-type;  open square (01, TdT R336Q; diamond ( ), TdT R336A 
activity is expressed as specific activity (unitdmg). Closed circle (O), 
open circle (O),  TdT D343E; cross (x), TdT D345E. 
Zn2+  Stimulation of TdT-Chang  and Bollum (1990) have 
demonstrated previously that TdT is not a  metalloenzyme and 
has no tightly bound  ZnZ+, although it can form an easily  dis- 
sociable complex with Zn". Zn2+ apparently  increases  the  ap- 
parent affinity of wild-type  TdT for the DNA initiator while it 
decreases  the  apparent affinity  for dNTP, with a net  increase of 
enzyme activity  (Chang  and Bollum, 1990). The effect of Zn2+ on 
the four mutants in this study  was  investigated (Fig. 8). Four 
concentrations of ZnSO, (0, 2, 40, and 800 p ~ )  and  three con- 
centrations of dATP (0.7,  3.6, and 7.2 nm) were used in the 
experiments. Stoichiometric relationships with MgC1, were 
also  maintained.  There  was a substrate  inhibition of TdT en- 
zyme activity by one of the  substrates, dATP, at a concentration 
of 7.2 mM in all cases except  for one  mutant, D343E, which had 
a much  higher K,,, for dATP (12.2 m ~ )  than the wild-type en- 
zyme. For wild-type TdT, the substrate inhibition by dATP 
x e 
- 4 0 !  . , . , . , . , . I 
0 20 40 60 80 100 
Temperature (C) 
FIG. 7. Secondary structure of recombinant proteins. The  molar 
ellipticity  was  measured  during  thermal transition of TdT at 220 nm 
with temperatures ranging from 20 to 95 "C. Closed circle (O), TdT 
wild-type; open square (0): TdT R336Q; diamond ( + ), TdT R336A open 
circle (O), TdT D343E; cross (x), TdT D345E. 
occurred at an  even lower concentration of dATP (3.6 mM) be- 
cause of its lower K,,, for this substrate (0.5 mM). The enzyme 
activity of all of the  mutants  was  increased  with a lower con- 
centration of ZnSO, (2 p ~ )  and only slightly increased  or even 
inhibited  with  higher  concentrations (40 and 800 p ~ ) .  When 
ZnSO, was included in the reaction mixture,  the  substrate in- 
hibition effect by dATP was delayed as a result of the  increased 
K,,, for dATP caused by Zn2+. 
DISCUSSION 
The function of the enzyme  TdT has been  strongly  linked to 
the  generation of diversity in  the  immune  systems from Xeno- 
pus to man,  and this protein has been proposed as a pivotal 
component of the V(D)J  recombinase. As might be  expected for 
a protein  with a central role in the development of the  immune 
system,  the  primary  amino acid  sequence of TdT is highly con- 
served across species (Koiwai et al., 1986).3 
Human  terminal  transferase cDNAcontains 1530 base  pairs, 
which can be translated  into a protein of 509 amino acids with 
a molecular mass of 58 kDa (Riley et al., 1988). The  human  and 
bovine cDNA sequences share 86% identity. When  the  murine 
sequence is  added,  identity  falls to 75%. Our  recent isolation of 
an  avian TdT cDNA added  another sequence that is still very 
similar to the  mammalian TdT  sequence^.^ However, this latter 
sequence shows 58% homology to.Xenopus TdT2 cDNA, thus 
illustrating the evolutionary relationships of this protein. 
Within  all of these  proteins  the  amino acid  sequences within 
the putative nucleotide binding domain are precisely conserved 
(Fig. 2). This information, coupled with work in  our  laboratory 
on photoaffinity labeling of the nucleotide binding domain 
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TABLE IV 
Effect of metal ions on enzymatic  activity of wiZd-type TdT and mutants 
Standard TdT assay was carried out as described under "Experimental Procedures" with the  substrate concentrations indicated in  the table. 
M e ,  Mn", or Co2+ was used individually in each assay with its concentrations indicated in  the table. Enzymatic activity was  expressed as the 
percentage to  wild-type TdT in the presence of Mg2' (8 m~). Results are an average of three or more independent experiments. 
Substrate 
concentration Protein 
M e  (IMI) 
- 
mM P M  % activity 
TdT  wild type 
TdT R336Q 
1.00  10.0 47.5 100.0 97.9 
3.60  10.0 ND" 3.0 
TdT R336A 
1.3 
3.60  10.0 ND" 6.4 




3.60  10.0 ND" 3.5  3.7 
MnZ+ (m) 
1 8 20 
% activity 
1.5  33.6  28.9 
1.6  0.9  0.6 
1.3  2.0  1.4 
0.2  0.3  0.1 
0.3  1.4  0.9 
1 8 20 
% activity 
11.4 51.8 26.1 
8.0 2.0 0.6 
5.8 5.8 1.8 
0.4  0.2  0.1 
1.0  15.8  9.3 
a ND, not determined. 
TdT W - T W  











FIG. 8. Effect of Zn*+ on TdT enzyme activity. Enzyme assays were carried out at 35 "C in  the presence of 200 m~ potassium cacodylate, pH 
7.2,8 m~ MgCl,, 1 m~ P-mercaptoethanol, and 10 p~ (a),. The concentrations of  dATP and ZnSO, used are indicated in the figure. The  scale of 
TdT activity for  each protein is different so that the effect of Zn2+ on TdT enzyme activity can be seen. Each panel is for  one of the  mutants or 
wild-type TdT. The activities shown are  an average of three or more experiments. 
(Evans and Coleman,  1989; Evans et al., 1989) and similarities feasible. 
in sequences  among other DNA polymerases  made testing of TdT is  an unusual DNA polymerase  in that  it does not re- 
selected  amino  acid  side chains in the putative catalytic site quire a template for catalysis. Other types of DNA polymerases 
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have been classified into four families. Families A, B, and C are 
based on their amino acid sequence homologies with E. coli 
DNApolymerases I, 11, and I11 (It0  and Braithwaite, 1991).  TdT 
falls outside these groups, but  it does  show  homology with the 
DNA-dependent eukaryotic DNA polymerase p, the smallest of 
the known eukaryotic DNA polymerases. This group is termed 
the X family. The extensive homology between  TdT and DNA 
polymerase p (Anderson et al., 1987; Matsukage et al., 1987; 
Kumar et al., 1990) has been well  documented and includes the 
region identified by Evans et al. (1989) as  the nucleotide  bind- 
ing domain. 
A number of studies of  DNA polymerase p have been  focused 
on identifying active site residues. A hypothesis has been  pro- 
posed that all of the nucleic  acid binding ability of polymerase 
p is localized in  the first 154 residues (out of 334 total), whereas 
the C-terminal 180 residues of this enzyme are involved in  the 
binding of nucleotides and  in polymerization. DNA polymerase 
p has been shown to be organized in two tightly folded and 
functionally distinct domains of 8 kDa (N terminus) and 31 kDa 
(C terminus). The 8-kDa  domain binds to single-stranded DNA, 
whereas the 31-kDa  domain contributes catalytic activity and 
has double-stranded nucleic  acid binding capacity (Kumar et 
al., 1990). Recently, Casas-Finet et al. (1992) have shown that 
an N- terminal 16-kDa (residues 10-154) fragment, prepared 
by CNBr treatment, has both single-stranded and double- 
stranded polynucleotide binding capacity.  Recupero et al. 
(1992) have obtained monoclonal antibodies to polymerase p 
which  recognize the nucleotide binding site of  DNA  po- 
lymerases in general and concluded  from their epitope mapping 
studies of polymerase p that  the nucleotide binding site lies 
between residues 283 and 320.  Sweasy and Loeb (1993) have 
designed and utilized a bacterial complementation system, in 
which  wild-type rat DNA polymerase j3 replaces the replication 
and  repair functions of  DNA polymerase I  in  an E. coli mutant 
strand. Characterization of these rat DNA polymerase p mu- 
tants and study of their phenotypes have revealed that mu- 
tants lacking the ability to complement bacterial growth con- 
tain amino acid residue alterations within a putative 
nucleotide binding site of DNA polymerase p (positions 276, 
288, and 2951, which is located  close to the  C  terminus of this 
protein. Data conflicting with that hypothesis have also been 
reported. Based on sequence similarities of polymerase p with 
TdT and other DNA polymerases, the amino acids Arg-183, 
Asp-190, and Asp-192  were studied by site-directed mutagen- 
esis (Date et al., 1990, 1991). As a  result of these studies  the 
function proposed  for these residues is in DNA primer recogni- 
tion and binding. 
These findings were intriguing to us since TdT and other 
DNA polymerases have similar stretches of amino acids  which 
have been implicated in substrate binding. An area containing 
an arginine which is reminiscent of a region surrounding posi- 
tion 183 in DNA polymerase p has been identified as  important 
in metal-dNTP complex binding in Klenow fragment of E. coli 
DNA polymerase I (Derbyshire et al., 1988). A similar region is 
proposed as  part of the dNTP binding site of 4x29 DNA po- 
lymerase (Bernard et al., 1990). Furthermore, a stretch of 
amino acids in bovine TdT with remarkable similarity was 
identified as  the nucleotide binding domain  when we photoaf- 
finity labeled the protein (Evans  and Coleman,  1989; Evans et 
al., 1989). Therefore, we selected the corresponding amino ac- 
ids in  human TdT  for mutagenesis: Arg-336,  Asp-343, and Asp- 
345. Each of these residues is conserved in all forms of  TdT, and 
the 2 aspartate residues are present in  a polymerase consensus 
sequence that  is conserved  among all known DNA polymerases 
(Delarue et al., 1990) (see Fig. 2). 
The first challenge in carrying out the proposed experiments 
was in  the development of an efficient purification scheme  for 
recombinant TdTs. We have shown previously that recombi- 
nant TdT can be produced in large  quantities in a baculovirus 
expression system (Medin et al., 1990). The recombinant pro- 
tein expressed in insect cells is immunologically and function- 
ally indistinguishable from native TdT. Furthermore,  the bacu- 
lovirus engineered to contain TdT sequences is efficiently 
expressed in insect larvae,  a production system that  is simple 
and economic to use (Medin and Coleman, 1992). We employed 
this method in  the  current study for  overproduction of wild- 
type and  mutant TdTs. 
Critical in the purification scheme was inclusion of broad 
spectrum proteinase inhibitors. Pefabloc  was particularly effec- 
tive in these experiments especially when combined with a 
mixture of phenylmethylsulfonyl fluoride, benzamidine, leu- 
peptin, and  pepstatin A. TdT is very sensitive to protease cleav- 
age from any tissue source, and  this  is especially true of insect 
larvae. When all of these proteinase inhibitors were added to 
the extraction buffer, we isolated both wild-type and mutant 
TdTs as  the 58-, 55-kDa doublet, and this limited degree of 
cleavage of the protein is the optimum we have achieved in our 
laboratory. Furthermore, the use of the monoclonal antibody 
affinity column  provided a single-step purification for all of the 
proteins. Since this antibody is directed at  an epitope away 
from the active site,  all of the  mutant proteins bound the ma- 
trix with high affinity and were eluted from the column in  a 
manner identical to the wild-type protein. 
Kinetic studies revealed that all four mutant proteins in  this 
study lost substantial (more than 93%) activity in comparison 
to the wild-type  enzyme.  However, there were clear differences 
in the effects of the alterations on the overall structure of the 
protein. 
Arginine  336 is a positional homolog  of arginine 183 in DNA 
polymerase p. In  the  latter enzyme this  particular residue was 
shown to be important for both DNA primer recognition and 
binding (Date et al., 1990). In TdT that role was not as appar- 
ent. When the arginine was  replaced by glutamine (a neutral 
and still hydrophilic group) the protein retained only  3% of its 
original activity. When alanine was substituted, the enzyme 
exhibited 6% of the wild-type  activity.  Both the  mutants dem- 
onstrated  dramatic increases in  the K,  for dATP, and there was 
some  effect  on the K,  for the  initiator under certain substrate 
conditions.  Since  TdT has been  shown to demonstrate random 
binding of nucleotide and initiator DNA, these effects  may in- 
dicate an alteration in the catalytic site which  influenced the 
binding of both substrates. Clearly  both of these mutants re- 
tained  a secondary structure similar to that of the wild-type 
protein as reflected in the data obtained from CD. The two 
Arg-336 mutants were the  least stable, and  there was a  dra- 
matic inactivation of  R336Q and R336A between  30 and 40  "C 
as seen in their  thermal  denaturing profiles.  Within the active 
site  and in the interior of the protein the arginine residue may 
form a  salt bridge with a negatively charged amino acid residue 
and be responsible for holding a secondary structure in the 
appropriate position. The single negative charge in  the interior 
of the protein generated by eliminating the positively charged 
arginine with either  a glutamine or alanine mutation will re- 
sult in an unstable mutant protein. Alternatively, the arginine 
residue may  form a  salt bridge with either of the two substrates 
and be part of the active site. In any case, it is unlikely that  the 
arginine residue in this position is directly involved in catalysis 
since the  alteration to alanine  in which the side chain change 
was not conserved  did activate the enzyme  slightly. 
The aspartic acid residue at position  345 was shown to have 
a significant reduction in enzyme activity (3.5% of wild-type 
TdT) when replaced by glutamic acid. This protein was also 
significantly activated in  the presence of Co2+ (more than 4-fold 
higher activity than  that in the presence of M e )  when  dATP 
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was  used as a substrate. Normally, Mg2' is  the preferred diva- 
lent cation for purine (such as dATP) catalysis with TdT. The 
metal effect (stimulation by Co2+, a larger cation) observed with 
the D345E mutant  suggests  that Asp-345 has a function in 
metal  binding or positioning of the nucleotide which is essential 
for catalysis. In  contrast,  substitution of the  aspartic acid at 
position 343 with  glutamic acid resulted  in a dramatically al- 
tered protein with respect to the  kinetic  parameters.  The  ad- 
dition of a variety of divalent cations had no effect on enzymatic 
activity. The D343E mutant showed a large increase in K, for 
dATP, no detectable  activity  when  dGTP  was the  substrate,  and 
a precipitous  decrease in K,,, for (dA),,. Although the CD curves 
of thesc two mutants (D343E and D345E) were very  similar, 
there  was at least a 20-fold difference in enzyme activity. These 
data  indicate  that  the ffects of these two mutations on global 
protein structure  are similar. However, the precise positioning 
of Asp-343 in  the active site is more important  than Asp-345 
since lengthening  the side chain by one carbon effectively abol- 
ished  catalysis.  Clearly a residue of the size and possible charge 
of aspartic acid at position 343  is  important for TdT catalytic 
activity. 
The  results  presented  herein, combined with chemical modi- 
fication and sequence  comparison, confirmed that selected  resi- 
dues between position 328 and  345 are important for enzyme 
activity. In  this region, the most sensitive position was identi- 
fied at the  aspartate 343. This  residue is within a region YG- 
DTDS that  has been termed a polymerase  consensus motif as 
part of the  dNTP binding site  (Bernad et al., 1990). Further- 
more, the conformation of  YGDTDS is predicated as a @-strue 
ture.  This  particular secondary structure  feature  has been de- 
tected by x-ray crystallography of a homologous region in E. coli 
polymerase I (Derbyshire et al., 1988). I t  is believed that  the 
divalent cation complexed to nucleotide is bound to  the enzyme 
by at least two negative charges (Kornberg and Baker, 1992). 
Thus,  in  the active site,  the  dNTP binds the cation at the two 
phosphate oxygens of the dNTP and  thus is presented  to  the 
two carboxylate  side chains of the  aspartate  residues  within 
YGDTDS  of the polymerase and oriented in  the  same direction 
within the @-sheet. 
Mutagenesis studies  in  this region (Y'"oGDTDS'005) of the 
human DNA polymerase a catalytic  subunit also suggest  that 
this highly conserved region binds  the  metal ion which is es- 
sential for catalysis  (Copeland and Wang, 1993). In DNA poly- 
merase a the Asp-1002 is proposed to participate directly in 
chelating  the  metal,  whereas  the T r-1003  @-methyl  group  side 
chain  might be locked in a hydrophobic pocket thus preventing 
free rotation  around  the C,-C, bond. This would position the 
Thr-1003 hydroxyl group to form a crucial bond with the  metal 
ion. As shown in Fig. 2, in TdT the amino acid residue between 
the 2 aspartates at 343 and  345 is not absolutely conserved. A 
valine residue  is  present  in  all species of TdT studied except for 
avian, which is an isoleucine r e ~ i d u e . ~  This position is occupied 
by a methionine in both human  and rat DNApolymerase @. The 
absence of the hydroxyl group  in TdT and  mammalian DNA 
polymerase @ in the position between the two negatively 
charged aspartates may indicate a rather different binding 
mechanism involved for these enzymes between the metal- 
dNTP complex and  the enzyme  active site. This  may  also reflect 
the fact that TdT does not replicate a complementary strand 
and  that polymerase @ is believed to be a repair enzyme. 
To substantiate  these findings and  obtain a clear  picture of 
important domains of TdT, x-ray  crystallography of the protein 
is required. Now that  large  quantities of recombinant  TdT are 
readily  available, we are  pursuing  such  structural information. 
In addition, the  mutants are being analyzed with respect to 
photoaffinity labeling with both nucleotide and DNA sub- 
strates. These substrate  reagents may be useful in defining the 
structural alterations that resulted from the amino acid re- 
placements. 
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